This paper investigates the synthesis, microstructural characterization and optical testing of Fe-Cu metastable alloy system for selective solar absorption applications. The system was produced by mechanical alloying (MA) using high energy ball milling, while monitoring its crystallographic morphology via X-ray diffraction (XRD) from the initial as-is mixture up to the one produced after 8 h milling time. The resulting homogeneous, quasicrystalline microstructure was examined by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) to verify the sought result of efficient inter-diffusion of Cu and Fe. Optical spectroscopy results exhibit enhanced absorption in the Vis-NIR wavelength range with increased milling time, while the trends of absorptivity curves had clear correlations with the microstructural evolution depicted in XRD results. High energy ball milling is proven to be an economical and effective method for producing homogeneous phases of originally immiscible materials, Cu-Fe in the current case, with enhanced selective-absorption characteristics.
Introduction
The Fe-Cu bimetallic alloy system is attractive for many applications due to its high strength, and high-electro/thermal conductivity [1] [2] [3] [4] [5] . Similar to other metastable alloy systems, e.g. Ni-Ag, Cu-V and Co-Cu, they suffer from the main drawback of being immiscible as solid solutions due to their positive energy of mixing (around 13 kJ/mol for the Fe-Cu system) [6, 7] . Thus they will not form intermetallic compounds and will have negligible mutual solid solubility in equilibrium at temperatures below 700° C [8] . Many researchers have attempted to make such alloys by rapid quenching [9] , electrodeposition [10, 11] and spinodal decomposistion [12] . One effective and easy method to synthesize the Cu-Fe system without high energy in the form of applied heat or voltage is mechanical alloying (MA), which has the advantages of low-temperature processing, easy control of compositions, and the production of relatively large amount of samples [6] . This method involves ball-milling powders of the pure constituents to obtain the sought solid solutions. In this process, the coherent lattices of the pure metals undergo simultaneous shear induced deformation and thermal inter-diffusion, with the resulting composition being determined by the equilibrium between the mechanically driven alloying and the diffusion-controlled decomposition [13] . There are many factors affecting this process, namely, milling time, milling temperature, post milling thermal processing, and alloy composition [14, 15] . Mechanical alloying results in a significant extension of mutual solubility of the elements relative to the equilibrium values, which can be observed through X-ray diffraction patterns [16] . It was found that low energy ball milling (< 200 rpm) of fcc and bcc metals leads to a refinement of the crystallite size to the nanometer scale [17] . Generally, the intensities of milling in the high-and low-energy mechanical alloying processes practically had no influence on the structure of the studied alloys and it mostly affected the time required to arrive at those structures [18] . The produced alloys possess desirable mechanical and thermal properties, and most importantly here, microstructural properties that enhance their selective solar absorption properties [19, 20] . With a work difference ( E w ) of around 0.43 eV, the Fe-Cu alloy system have high intrinsic absorption coefficient that further optimizes its optical absorptance [21] . Also, any observed roughness of the microstructure allows the interreflection of incident irradiation in the UV-Vis range that reduces reflection and scattering losses [22] , and decreases the impedance between space and the absorber, which also leads to better absorbance properties [23] . This work investigates a facile and economic process to synthesize a Fe-Cu metastable alloy that would be suitable for enhancing solar absorption of thermal collectors in the UV-Vis-NIR range. The synthesis of the alloy system is done through high energy ball milling (>300 rpm), which is a mechanical alloying technique, and the resulting microstructure and optical absorptivity is analyzed and measured as milling time is increased.
Experimental

Synthesis
The synthesis by MA takes place in a Retsch PM 100 planetary ball mill in a 25 ml stainless steel grinding bowl of to mechanically alloy a starting amount of 9 g of high purity copper (< 425 m, 99.5%) and iron ( 99%) powders, used as received from the supplier (Sigma-Aldrich). A target composition 50:50 of Fe-Cu (% wt.) is used at a controlled milling speed of 600 rpm. Six 10-mm zirconia balls are used, making the filling ratio within the bowl 5:1. Milling is carried out for an hour at a time, pausing afterwards to cool the equipment and take a few milligrams of the powder for further characterization and testing. The run is to be terminated once microstructural changes become small, which in the present case took place after six hours.
Microstructural analysis via SEM-EDX and XRD
The powder X-ray diffraction (XRD) patterns, plotted for five powder samples collected at a two-hour interval for eight hours, provide an insight into extent and progress of crystallization and the composition and grain structure of the developing solid solution. The X-ray patterns are recorded in the 2 geometry between 40 and 90° at 0.02° 2 s 1 with a Bruker D8 Advance DaVinci multipurpose X-ray difractometer with Cu K radiation operating at = 1.5406 Å, 40 kV tube voltage and 40 mA current. The microstructural results are used to calculate important quantities such as the lattice parameter from Cohen's method, grain size by the Full-width half-max (FWHM) analysis with the Hall-Williamson method and Bragg's formula. Fused pieces of the material collected after 6 h milling time are examined under a scanning electron microscope (SEM) and the coupled energy dispersive X-ray spectrometer (EDX). The SEM is a VEGA3 XM by TESCAN, operating at 5 kV, while the EDX analysis is conducted with both map and point modes at the same operating voltage; the former was acquired during 3 min while the latter was from four different spots of the sample during 30 s live time.
Optical (spectroscopic) analysis
Spectral measurements of absorption in the visible and near-infrared (Vis-NIR) regions were carried out on all the powders (as-is and 2, 4, 6 and 8 hours milling time) with an Ocean Optics HR2000 highresolution spectrometer. The HR2000 has a 300 lines per mm diffraction grating, 10 μm entrance slit, a Sony ILX511 2048-Pixel element linear CCD array detector, and is operating in the effective wavelengths range 300-1100 nm. The spectrometer is connected to a fiber optic reflection probe R200-7-SR, 2-m long, and of a 200-μm-core diameter. The reflection probe consists of a tight bundle of 7 optical fibers in a stainless steel ferrule with 6 illuminating fibers around one axial read fiber, fixed at ~ 4 mm from the sample where losses due to scattering is assumed to be negligible. The source end of the reflection probe is connected to a tungsten halogen light source (Ocean Optics LS-1-LL). A reference surface in the form of a reflection standard (B0071519) is used to store baseline absorptance (0 %) spectra to facilitate comparison between the various alloy compositions. The integration time was set to 30 ms to contain the intensity of the highest acquired peak. The recorded time-resolved spectra were averaged over 10 readings to increase the signal-to-noise ratio.
Results and discussion
SEM and EDS
The SEM micrograph of the Fe-Cu system is shown in Figure 1 (a) for a few milligrams removed after 6 h of milling. There is obvious phase growth caused by the inter-diffusion of Fe and Cu, resulting in different grain size distribution from a few micrometers to around 100 μm. Upon further magnification, Figure 1 (b) shows a homogeneous phase with the apparent shearing effect from milling, which produces a lamellar structure [24] . An EDS analysis at two points (1) and (2) indicated on the figure shows a composition of 53% Fe and 47% Cu (%wt.) as evidence of successful inter-diffusion and the formation of the new single FCC phase. This is in contrast to other synthesis methods involving casting [4] , deposition or electron-beam forming that reported severely segregated phases when the alloy is cools below 700° C. The grain size growth with milling time is depicted in Figure 2 (a) calculated from Bragg's law, while the variation in lattice parameter is shown in Figure 2 (b) . The former is seen to have increased around 13% from the starting as-is powder, which is also reflected in the increase in the latter and agrees with trends reported elsewhere [25] . 
XRD
The result of XRD analysis is shown in Figure 3 for the as-is and 2, 4, 6 and 8 h milling time, to follow the evolution of the crystal structure. The as-is patterns show intense sharp peaks of elemental iron and copper are slightly shifted towards lower angles, which are consistent with the similar atomic sizes of Fe and Cu present in the same mixture [7] , and the recorded signals are strong with little noise. It is interesting to observe these peaks widening and shifting further as milling proceeds due to the interdiffusion of Fe and Cu atoms caused by the shearing action and the friction-induced temperature increase, promoting larger grain sizes. After 6 h, a single phase is observed in which Fe atoms are diffused in the Cu matrix, or an FCC Cu(Fe) solid solution, as corroborated by the results from SEM analysis in Figure 1 (b). These results are also consistent with previous reports [7, 25] . 
Spectroscopy
The evolution of the microstructure with milling has impacted the optical absorptivity of the alloy, as can be seen in Figure 4 , which shows the spectral absorptivity for various milling times. The original powder shows a slight increase in absorptivity with respect to the mirror reference up to 500 nm, at which it plateaus until 550 nm, after which absorptivity decreases asymptotically towards 900 nm. The interesting observation from the curves can be made in conjunction with the XRD plots of Figure 3 for the 2h-4h on one hand and 6h-8h alloys on the other. The former set shows a virtually constant absorptivity across the tested wavelength of Vis-NIR (450-900 nm) due to the existence of both FCC and BCC structures, while the latter start with a high onset value, then assumes a flat parabolic shape with an apex at 650 nm, thought to be due to an all-FCC microstructure. Longer milling times of 6 and 8 h, exhibit a 63% and 81%, enhanced absorptivity, respectively compared to as-is powder if the areas under the absorptivity curves are integrated from 450-900 nm. This enhancement is due in part to the roughness 
Conclusion
In this paper we have investigated an economical and facile method for the production of a selective solar absorber material, made from Fe-Cu metastable alloy system. High energy ball milling, a mechanical alloying technique, was used to synthesize the alloy and the resulting microstructure was examined using SEM-EDS and XRD at 2 h intervals starting from the as-is powder up to the final duration of 8 h. The resulting alloy is a homogenous, FCC single phase of Fe diffused in Cu with no segregation of elements. The optical absorptivity in the Vis-NIR ranges for the alloy was also measured for the same duration and at the respective intervals, and the results show a strong correlation between the microstructural morphology and the behavior and enhancement of spectral absorptivity between 400-900 nm. The spectral absorptivity is enhanced up to 81% for the 8 h milled alloy compared to the original powder. The produced alloy can be applied to a variety of substrates of solar absorbers to enhance the absorptivity, which an attractive feature given the intrinsic desirable mechanical properties of hardness and strength, and thermal properties of high conductivity and low specific heat.
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